thermophilic Gram-negative bacterium which is able to grown well above 70oC.1} Wehave reported the purification and characterization of aminopeptidase T (AP-T) from T. aquaticus ) AP-T is a highly thermostable, metallo-dependent (Co2+, Mg2+) dimeric enzyme with a broad substrate specificity.
Its optimal temperature for activity is 75-80°C. The mechanism for its heat stability is very interesting in comparison with that of other aminopeptidases. Thermophilic aminopeptidases from Bacillus stearothermophilus, aminopeptidases I (AP-I),3 "4) II (AP-II), 4"6) and III (AP-III)4'7) were isolated and characterized.
The molecular weight, subunit structure, and requirement of metal ion of AP-II are similar to those of AP-T. However, AP-T is more heat-stable than AP-II. In this paper, we describe the cloning and nucleotide sequence of the AP-Tgene and its 2385 deduced amino acid sequence. Wealso report the high-level expression of the AP-T gene under the control of the tac promoter in Escherichia coli.
Materials and Methods
Bacterial strains, plasmids, and phage. The bacterial strains, plasmids, and phage used in this work are given in Table  I .
Media and culture conditions. E. coli strains were usually grown aerobically in L broth at 37°C. 2xYT broth8) was used for the growth of E. coli MVI184 to produce single-stranded recombinant phage by the infection of M13K07 helper phage. T. aquaticus YT-1 cells were prepared as described previously.2* Purification and amino acid analysis of AP-T from T. aquaticus YT-1. The purification procedure of AP-T from T. aquaticus YT-1was a modification of the method previously reported,2) an FPLCsystem (Pharmacia) being introduced (data not shown). For the chemical analysis of
To whomcorrespondence should be addressed. The Scal-Sphl fragment of pKK223-3, which contains the tac 23 promoter, S/D sequence, multiple cloning site and the rrnBT1T2 termination sequence, and is ligated with the Pvull fragment of pUC1 19, which contains the replication origin of the plasmid (ori), the ampicillin resistance gene and M13intergenic reginon (IG), as shown in Fig. 3 AP-T, the partially purified AP-T was purified by reverse-phase HPLC using a C4 column (Ultron C4 S300, Shinwa Kako, Kyoto, Japan). AP-T was eluted with a linear gradient from 0% to 60% CH3CN in 0.1% trifluoroacetic acid for 40 min at a flow rate of l.O ml/min. The amino acid composition of the AP-T and the amino acid sequence of the CNBr-cleaved fragment were analyzed as described previously.2)
Molecular cloning and DNAsequencing of the AP-Tgene. The cloning techniques were based on those of Maniatis et al.9) Chromosomal DNAof T. aquaticus YT-1 was isolated by the method ofSaito and Miura.10) The DNAfragments in the agarose gel were transferred to a nylon membrane (Hybond-N, Amersham) by the method of Southern.n)
The technique and conditions for hydridization and washing were based on the method of Mason and Williams,12) and on the instruction manual for Hybond N. E. coli MV1184was transformed by the method of Kushner,13) and colony hybridization was done by the method of Hanahan and Meselson.14) The restriction fragments to be sequenced were sub-cloned into the appropriate restriction sites ofpUCl 1 8 and pUCl 19, DNA sequencing being done by the dideoxy chain termination method. 1 5) Oligonucleotide-directed mutagenesis. Oligonucleotidedirected mutagenesis was done by the method ofKunkel16) using a Mutan K kit (Takara Shuzo) with a modification according to the double-primer method. 1 7) Expression of the AP-T gene in E. coli and measurement of AP-T activity. E. coli MV1184harboring the recombinant plasmid carrying the AP-T gene was grown in 100 ml LB broth containing ampicillin (50 /zg/ml) at 37°C ping showed that the plasmids prepared from these clones contained the identical 5.0-kb Hindlll fragment. All these clones expressed a small amount of heat-stable aminopeptidase activity.
Plasmid pAT15G (Fig. 1 ) and pAT15Awere used for further experiments, in which the cloned Hindlll fragment was inserted in opposite orientations.
Nucleotide sequence of the AP-T gene and its deduced amino acid sequence The sequencing strategy is shown in Fig. 1 . The total 1,582-bp sequence of the Sphl-Xhol region of pAT15Gcontained the AP-T gene and its non-coding regions ( Fig. 2A ). An open reading frame, from the GTGstart codon at position 177 to the TAAstop codon at position 1403, coded 408 amino acid residues, and the molecular weight was calculated to be 44,820.
This value was similar to the molecular weight (about 45,000) of purified AP-T from T.
aquaticus YT-1, as estimated by SDS-PAGE (Fig. 4A, lane 1) . The deduced amino acid sequence agreed with the chemically analyzed sequences of the N-terminus2) and of a CNBr-cleaved fragment of purified AP-T from T. aquaticus YT-1 ( Fig.  2A , shown by underlines). The amino acid composition of the deduced sequence was in general agreement with that found by chemical analysis of the purified AP-T (Table II) .
Characteristics of the AP-Tgene
The G+Ccontent of the Sphl-Xhol region (1,582bp) was 68.1%, close to that of the chromosomal DNA (67.4%) of T. aquaticus YT-1.1} The G+ C content of the coding region for AP-T was 69.4%. The G+Ccontents of the first, second, and third bases of the codons used in the AP-T gene were 72.5%, 44.1% and 91.7%, respectively. Such a high G+ C content of the third bases of the codons is commonin the gene of Thermus spp.,20"24) and it suggested that the coding regions could be distinguished from the non-coding regions by the high G+ C content at the third positions of codons. In the upstream region from the Sphl site to the start codon GTC(positions 1-176), there were three stop codons, TAG (123-125), TGA (142-144), and TAG(170-172). The G+C content at the 2389 third positions of codons corresponding to each reading frame was 40.0, 71.4, and 78.7% respectively, and all these frames would be non-coding. The total G+C content of the upstream region was 65.9%, lower than that of the coding region. Thus, the upstream region presumably contains the promoter sequence. But no typical Shine-Dalgarno sequence25) was found in the 6bp upstream from the start codon, and no typical consensus promoter sequences26) was present in the upstream region. This would be the reason why that the AP-T gene in the plasmid pATl5G or pATl5A was poorly expressed in E. coli. The G+C content of the 3' non-coding region from the TAA stop codon (position 1401-1582) was 61.0%, very low in comparision with that of the coding region. There was an inverted repeat sequence (GGGGCGGCC à"GGCCGCCCC; -31.3kcal/mol) at positions 1421-1444 followed by a T-rich sequence, which could form a hairpin structure as the transcription termination signal.
Similarity of AP-T with AP-II from B. stearo thermoph ilus
The amino acid sequence of the 15 Nterminal residues of aminopeptidase II (AP-II) from B. stearothermophilus has been reported. 6)
The N-terminal sequence of AP-T showed similarity with that of AP-II. Seven out of the 15 residues were identical (46.7%: see Fig. 2B ) and other amino acids were also similar in the aspect of molecular evolution. AP-II is a dimeric enzyme6) like AP-T, and the amino acid composition, total number of amino acid residues, and molecular weight of the subunit were similar between AP-T and AP-II (Table  II) . Noobvious similarity between the amino acid sequence of AP-T and other proteins, was observed, including aminopeptidases N,27'28) The 1.58-kb Sphl-Xhol fragment containing the complete AP-T gene was subcloned from the pAT1 5G plasmid (Fig. 1) into the Sphl-Sall site ofpUCl 19 to obtain the pGl plasmid. Then the pE13 plasmid was constructed by inserting the Hindlll-EcoRl fragment containing the AP-T gene of pGl in the Smal site of pEXP7 (Table  I) . To delete the non-coding region between the EcoRl site and the start codon GTGof the AP-T gene and to change the start codon to ATG,oligonucleotide-directed mutagenesis was carried out for pE13. The 36-mer 3). In this plasmid, (i) the start codon GTGof the AP-T gene was changed to ATG, since GTGis a less commonstart codon than ATG in E. coli, (ii) the S/D sequence was preceded by the ATG codon, and (iii) the upstream region of the AP-T gene was deleted by oligonucleotide-directed mutagenesis. The AP-T gene in the pKL4 plasmid was highly expressed in E. coli MV1184 after induction with IPTG (Fig. 4B, lane 3) . The activities of heat-stable aminopeptidase of the cell extract treated at 80°C for 30min from E. coli harboring pATl5G, pGl, pEl3, and pKL4 (see 
